During the study of aerobic dissimilation of galactose by yeasts, polyhydric products were isolated in crystalline form from the fermented broths and identified. Yeast species may be divided into two groups on basis of sugar alcohol production: type I yeasts form the same end products from galactose as from glucose; type II yeasts produce dulcitol from galactose with or without other sugar alcohols but they produce no dulcitol from glucose. Isolation of dulcitol from microorganism has not been previously described.
Extensive studies on polyalcohol production from glucose by various genera and species of yeasts have revealed six characteristic types, based upon productivities of glycerol, erythritol, and D-arabitol (12, 14) . In an earlier study on aerobic dissimilation of pentoses by yeasts, we found that patterns of polyalcohol production were quite different from that with glucose (20) . For instance, Candida polymorpha produced xylitol from D-xylose, L-arabitol from L-arabinose, and ribitol from D-ribose in good yields (30 to 40% of sugar consumed), whereas D-arabitol and erythritol were produced from glucose. It was also reported that Pichia miso, when aerobically cultivated in D-xylose, produced xylitol, meso-glyceroido-heptitol, and D-glycero-D-ido-heptitol, though this yeast dissimilated glucose with the production of glycerol, D-arabitol, and erythritol (16) . P. quercibus showed an interesting pattern in Dxylose dissimilation: both xylitol and D-xylonic acid were accumulated simultaneously in the fermented broth (26) .
The present paper describes the growth of yeasts on the hexose galactose. A new and unique pattern of polyalcohol production has been observed, in that the sugar alcohol produced by some yeasts growing on this sugar is dulcitol.
MATERIALS AND MErHODS
Yeast strains. The following 13 yeast strains which assimilate galactose as a sole carbon source were examined: Saccharomyces paradoxus, S. monacensis, S. fragilis, S. sake, S. rouxii, Hansenula anomala, Debaryomyces sake, P. miso, P. farinosa, C. polymorpha, C. tropicalis, Torulopsis famata, and T. versatilis. S. rouxii, C. polymorpha, and T. famata were isolated from soy mashes by Onishi (15) , and P. miso was isolated from miso paste by Mogi (9) . The other strains are from the collection of our institute.
Medium and fermentation conditions. A 50-ml amount of a medium having the following composition was put in a 500-ml shake flask: D-galactose, 2, 5, or 10%; KH2PO4, 0.1%; MgSO4 7H20, 0.05%; CaCl2 *2H20, 0.01%; NaCl, 0.01%; Casamino Acids (Difco), 0.4%; and yeast extract (Difco), 0.1%; pH 5.0. One-loopful amounts of yeast taken from 2-to 3-day cultures on koji-extract-agar were inoculated into sterile media, and the flasks were shaken on a reciprocal shaker (7.5-cm stroke, 140 cycles per min) at 30 C. The incubation time varied from 19 to 115 hr.
Analytical methods. The fermented solution, from which yeast cells were removed by filtration, was analyzed according to the method of Neish (10); reducing sugar was determined colorimetrically with the Somogyi-Nelson reagent (11, 24) , and polyalcohol was assayed by colorimetric determination of formaldehyde formed on periodate oxidation with correction for sugar interference. After removal of the remaining reducing sugar by treatment of the cleared solution with Amberlite IRA400 (OH-) (23), polyalcohols in the fermented broths were qualitatively identified by ascending paper chromatography on Whatman no. 1 filter paper. The sheets were irrigated with n-propanol-ethyl acetate-water (7:1:2, v/v) as the mobile phase (2) , and the polyalcohols were detected by spraying the sheets with K104-tetrabase (29) .
Isolation of polyalcohol from the fermented broth. The fermented broth was filtered to remove yeast cells. The filtrate was treated with 0.1 volume of 25% (w/v) zinc sulfate and then adjusted to pH 7.6 to 7.8 with 5 N sodium hydroxide. After removal of the resulting insoluble material by filtration, the filtrate was percolated through Amberlite IRA400 (OH-) to remove the remaining galactose (23) . The fractions eluted with water were combined, slightly acidified, and evaporated to a syrup in vacuo; the syrup was extracted with hot ethyl alcohol. If the extract contained only dulcitol, a crystalline product was obtained which was recrystallized from ethyl alcohol. When the extract contained two kinds of polyalcohols, they were separated by chromatography on sheets of Whatman no. 3MM filter paper. Sections containing ONISHI AND SUZUKI the two glycitols were cut from the sheets, and the two chromatographically pure glycitols were eluted from each section with water. The procedure to prepare glycerol tribenzoate was the same as that described previously (13) .
RESULTS
Sugar consumption, polyalcohol yield, and the identity of polyalcohol formed were examined in aerobic fermentations of 13 yeast species in three versatilis. An amount of 1.75 g of a pure crystalline product was isolated from a fermented broth of C. polymorpha which contained 3.70 g of polyalcohol. The compound was identified as dulcitol because it had a melting point of 187 C, which was not depressed when mixed with an authentic sample of dulcitol. Its elemental analysis was as follows. Calculated for C6H1406: C, 39.56%, H, 7.74%. Found: C, 39.76%, H, 7.82%. Its infrared spectrum was indistinguishable from that of authentic dulcitol (Fig. 1) . This is the first demonstration of dulcitol formation by yeast metabolism. S. rouxii and T. famata gave two kinds of polyhydric products with RF 0.25 and 0.36. Debaryomyces sake and Saccharomyces monacensis produced only products with RF 0.36 and 0.55, respectively. The two products with Rp 0.36 and 0.55 were also obtained in pure forms and were identified as D-arabitol and glycerol (as glycerol tribenzoate), respectively, based on melting point determination, elemental analysis, infrared spectrum, and optical rotation. D-Arabitol and dulcitol were obtained from the broths of T. famata and S. rouxii, D-arabitol from that of D. sake, and glycerol from that of S. monacensis.
DISCUSSION
Our observations suggest that polyalcohol production from galactose may be classified into two types. As shown in Table 2 , the same polyalcohols were produced from both glucose and galactose by yeasts of type I. On the other hand, a quite different pattern of polyalcohol production was observed with the yeast of type II, which produced dulcitol from galactose.
Dulcitol has so far been isolated from the brain of a galactosemia patient (28) and from the urine of a galactokinase-deficient man (3). Pigman (22) made no mention of the occurrence of dulcitol in pentose-fermenting yeast (Torula utilis), and it is uncertain whether dulcitol is an intracellular mninor reserve substance or an extracellular major metabolic product from galactose. Our present paper is the first report of extracellular dulcitol formation by microbial metabolism.
The mechanism of dulcitol formation by yeasts remains to be determined. It has been demonstrated that galactose is metabolized by yeasts through glycolysis or by the pentose phosphate cycle after conversion to glucose-6-phosphate via glucose-l-phosphate (4, 8) . Isselbacher et al. (6, 7) observed that intracellular levels of reduced nicotinamide adenine dinucleotide affected uridine diphosphate-galactose-4-epimerase activity, and they suggested that galactose metabolism must be regulated by the intracellular concentrations of the various forms of pyridine nucleotide coenzymes. As it has been demonstrated that a reduced nicotinamide adenine dinucleotideor reduced nicotinamide adenine dinucleotide phosphate-linked dehydrogenase system plays an The data are cited from a previous paper (14) .
important role in polyalcohol production from glucose (1, 5, 18, 27) , it would be interesting to observe the effect of intracellular concentrations of coenzymes on dulcitol formation. As has been pointed out, the concentrations of phosphate and yeast extract in the medium influenced polyalcohol production from glucose by osmophilic yeasts (17, 19, 21, 25) . Further studies on the effects of nutritional conditions on dulcitol formation are now in progress.
